The upper parts of the 300 m thick Basement Sill, one of the Ferrar Dolerite Sills in Antarctica, contain sharply defined, coarse-grained, leucocratic segregations that are temporally, spatially and chemically related to the host dolerite. The morphologies of the segregations vary gradationally with distance from the upper contact of the Basement Sill from thin (1cm) streaks, pods and stringers close to the upper contact, (0·03^0·2 m) pipes and veins about 15 m below the contact, and (0·5^2 m) sub-horizontal, anastomosing lenses about 30 m beneath the contact.Their compositions range from diorite to granodiorite; they are enriched in P 2 O 5 ,TiO 2 , FeO T , and to a lesser extent in alkalis compared with the host dolerite, and they display linear trends in Harker variation diagrams that are compatible with an origin as fractionated liquids formed after simultaneous crystallization of pyroxene and plagioclase from the host sill magma. The segregations show systematic variations in mineralogy and texture with composition, with the lowest SiO 2 segregations having a similar mineralogy to the host and ophitic to sub-ophitic textures; the highest SiO 2 segregations are granodioritic and exhibit a granophyric texture. In segregations with highly siliceous compositions, plagioclase crystals have resorbed edges and pyroxene forms blebby intergrowths with plagioclase and Fe^Ti oxides. Most segregations are interpreted to have formed when gravitational instability caused the upper solidification front of the sill to tear, and mixtures of crystals and residual liquid entered the tears by porous flow from the surrounding crystal mush and by channelling from lower levels in the sill. Modeling using the thermodynamic program MELTS shows that the bulk compositions of the segregations are consistent with wet (0·5 wt % H 2 O) fractional crystallization of the host dolerite magma at 100 MPa, although the data are not well matched by a single parent magma composition. We present a physical model of segregation formation involving multiple episodes of tearing triggered by fresh influxes of magma into the sill.
The Jurassic age Ferrar Dolerite Sills (FDS) of the Dry Valleys region, Victoria Land, Antarctica, contain unusually well-exposed examples of such segregations (Marsh, 2004) . Most are sub-horizontal 0·5^2 m thick lenses in the upper 100 m of the sills, containing crystals one to two orders of magnitude larger than those of the host dolerite, and have sharp upper and lower contacts. A few form smaller sub-vertical veins and amorphous pods. Some have gradational contacts with the host dolerite. The compositions of these segregations span the full range from the host dolerite to granite, and so offer an unusually detailed window on differentiation mechanisms in basaltic magma systems.
In this study we develop a new petrogenetic model for the formation of the segregations based on detailed field observations made by K. Zavala and B. D. Marsh in 2001 , together with petrographic data, mineral chemistry and bulk-rock major element geochemistry combined with MELTS modelling.
G E O L O G I C A L S E T T I N G
The FDS are well exposed in the McMurdo Dry Valleys region (Fig. 1) c. 20 km inland from the Ross Sea between the McKay Glacier to the north (c. 10 km north of Fig. 1b ) and the Ferrar Glacier to the south. The basement in this region consists of Precambrian to Devonian metamorphic rocks and interbedded marbles, hornfels, and schists of the Koettlitz group (Gunn & Warren, 1962; McKelvey & Webb, 1962) and undeformed granitic plutons of the Granite Harbour Intrusive Complex (Gunn & Warren, 1962) . These units are overlain by gently dipping Devonian^Triassic sedimentary rocks known as the Beacon Supergroup. These two main groups are separated by the Kukri Peneplain unconformity, which formed after the emplacement of the plutons and corresponds to a period of uplift and erosion. Both the basement and the cover sequence are intruded by Jurassic ($180 Ma) Ferrar dolerites, which are exposed over an area of $10 5 km 2 and have an estimated volume of $10 5 km 3 (Kyle, 1980) . The dolerites form part of the Ferrar Large Igneous Province (FLIP), which extends more than 4000 km from the Weddell Sea to southeastern Australasia. The FLIP occurs as an elongate belt along the Transantarctic Mountains and has been interpreted as forming in a failed rift tectonic setting (Elliot & Fleming, 2004 ) associated with the break-up of Gondwanaland (Brewer et al., 1992) . The FDS represent by far the largest preserved volume of rock in the FLIP, which also includes the Dufek layered mafic intrusion, pyroclastic rocks and the Kirkpatrick basalt flows (Elliot & Fleming, 2008) . Based on 40 Ar/ 39 Ar geochronology, the duration of the magmatic activity was of the order of 1 Myr (Heimann et al., 1994; Fleming et al., 1997) . Two sills and the Dufek intrusion have been dated at 183·6 AE1·8 Ma, based on U^Pb geochronology of zircon and baddeleyite, the same age as the Karoo igneous province in southern Africa, demonstrating the vast size of the igneous province (Encarnacion et al., 1996; Minor & Mukasa, 1997) . Emplacement paths for the Ferrar magmas are unknown: dyke swarms are not seen and dykes cutting basement rocks are uncommon. Elliot & Fleming (2004) advocated long distance (thousands of kilometres) crustal transport of magmas from a source suggested to be in the Weddell triple junction region through deep basement rocks, followed by localized vertical transport to shallower levels and then lateral transport in flows and sills over scales of a few hundred kilometres. The Dufek Massif is located at the edge of the Weddell Sea about 2000 km distant from the Dry Valleys. Though clearly part of the FLIP, Elliot & Fleming (2004) argued that, based on its stratigraphic placement above the basement rocks, the Dufek Massif is unlikely to be a feeder region for the FDS.
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Sampling methods and nomenclature
Sample collection was started at the upper contact of the BS and continued down section about 300 m (Table 1) . Sample size varied between tens of centimetres to 2 cm, depending on the thickness and texture of the segregation. Some samples consist of several layers of coarse-grained felsic rock alternating with medium-to fine-grained mafic rock (Fig. 2a) , whereas others comprise homogeneous coarse-grained felsic rock (Fig. 2b) . We use the term 'segregation profile' for a vertical sequence of samples from a single locality. For example, segregation profile A-1 consists of segregation samples 93-BS-80, 93-BS-81 and 93-BS-82 and the overlying dolerite sample 93-BS-84. Most segregations have textural variations; the letters A and B indicate layers with different textures within the profile. Trailing numbers after the letter refer to any additional textural variations within a layer. For example, segregation sample 94-BS-160 was cut into six layers, 94-BS-160-A-1 to A-4, and 94-BS-160-B-1 and B-2 (Fig. 2a) . The layer described by 94-BS-160-A-1 was further subdivided into two sub-layers 94-BS-160-A-1-1 and 94-BS-160-A-1-2, based on observed textural variations.
Analytical methods
Samples are typically fresh and non-vesicular, although some have micro-fractures with minor alteration. Samples were cut taking into account the textural and contact relationships observed in the field and in hand specimen. Thin sections and chemical analyses were made of each layer in each segregation and of the adjacent dolerite. For chemical analyses, samples were crushed to a mesh size of 80 mm, using a ball mill and a nickel shatter box. The powders were prepared for major element analyses by X-ray fluorescence (XRF) at Franklin and Marshall College following the procedure of Boyd & Mertzman (1987) . The procedure involved melting the powders using a cadmium^nickel charge, then quenching the liquid into a solid disc. Each analysis was run three times and the average value was used. Relative analytical error is between 0·11 and 0·26% for all major elements, and accuracy is 0·2%, estimated by analyzing accepted standards (Abbey, 1983; Govindaraju, 1994) . FeO is reported as FeO T , 
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and an FeO/FeO T ratio of 0·85 is assumed (Ragland, 1989, p. 36) . Mineral compositions of the major phases in segregation profile A-1 (samples 93-BS-80, 81, 82 and adjacent dolerite 93-BS-84) were obtained using the JEOL 8600 electron microprobe at Johns Hopkins University. The microprobe was operated at 15 kV with a beam current of 20 nA. The beam size was 5 mm for augite, diopside and pigeonite, and 10 mm for plagioclase and quartz and K-feldspar intergrowths. Counting times were 60 s at the peak and 30 s for background. Data were reduced using the CITZAF program of Armstrong (1989) . Analytical relative errors for major elements are considered to vary between AE0·5 and 1%. Pyroxene and plagioclase crystals were probed in transverse sections to check for compositional zoning.
High-resolution imaging and automated quantitative estimates of the modal mineralogy of selected thin sections was carried out at Memorial University using an FEI Quanta 400 scanning electron microprobe (SEM)^min-eral liberation analyzer (MLA). The data are reported in Table 3 .
Sample grouping
If segregations are the result of fractional crystallization of the host dolerite, then mass balance requires that the composition of the segregations is equal to the composition of an initial, fractionated liquid plus or minus the crystallized phases entrained into or lost from this liquid. A set of MELTS modeled liquids and crystals fractionating between $12008C and $9008C were linearly regressed to the final bulk composition of the segregations, using the singular value decomposition technique (Zavala, 2005) . This technique has previously been used by Fisher (1989) to analyse metamorphic assemblages. The best-fit model to a given segregation provided the temperature at which the residual liquid separated from the modeled liquids and the proportions of minerals subsequently lost through 
crystallization and/or gained through entrainment. When the segregations are grouped according to whether they had lost or gained the major mineral phases plagioclase, augite and pigeonite they fall into five categories, given in Table 4 . Group S 1 corresponds to the host dolerite: that is, compositions are best fitted by a MELTS model liquid (MML) plus all three crystallizing phases. The segregations S 2^S5 correspond to more fractionated rocks, in which one or more of the crystallizing phases has segregated from the MML. Group S 5 is the most fractionated, corresponding to segregations that are best modelled as pure residual liquids. More detailed description of the technique has been given by Zavala (2005) . The designated group is given for each sample in Table 1 , and samples are arranged by group in Table 2 .
Sets of sub-horizontal, anastomosing, 0·1^2 m thick lenses are common in the upper 100 m of the BS and make up about 15% by volume of the sill. The most common types of segregation in both Taylor Valley and Wright Valley are sub-horizontal lenses ( Fig. 3c and d ) that extend for tens of metres along strike and are connected to other lenses by smaller sub-vertical veins. Small ($5^10 cm) felsic pods ( Fig. 3a) and thin ($2^10 cm) felsic stringers ( Fig. 3b ), which occur above and adjacent to these lenses, are irregular features that are usually located a few metres ($5^15 m) below the upper contact. Overall segregation textures, morphologies, and field relationships are similar throughout the BS; however, at the Dais, which is the lowest topographic exposure of the BS and consists of an orthopyroxene-and plagioclase-rich cumulate body, there is a larger variation in segregation morphology that varies systematically with distance from the upper contact (Fig. 4) .
Dais segregations
In the interval 5^7 m below the upper contact of the BS at the Dais, thin (1^5 cm) sub-horizontal felsic streaks (4^10 cm long) are ubiquitous (Fig. 4a ). These give way 10 and 15 m below the upper contact to sparse 1^5 cm diameter felsic, pod-shaped, segregations (Fig. 4b) oriented parallel to the upper contact of the sill. Some pods are connected by 1^5 cm thick and 10^15 cm long undulating stringers. Both pods and stringers have sharp contacts with the host-rock. Between 15 and 20 m below the upper contact, segregations form 3^10 cm diameter sub-vertical pipes and 15^20 cm wide by 20^50 cm long sub-vertical veins that swell and pinch out laterally forming a saw-tooth pattern (Fig. 4c) . Finally, about 30 m below the upper contact, there is a thick ($300 cm), anastomosing, segregation lens, which extends laterally for more than 20 m ( Fig. 4d ) and has undulating sharp upper and lower contacts with the host-rock. The upper contact of this massive layer with the host-rock is convex downward (white dashed line in Fig. 4d) , and texturally the layer shows internal stratification, with a coarse-grained horizon in the middle that becomes progressively finer-grained towards the margins.
P E T RO G R A P H Y O F T H E S I L I C I C S E G R E G AT I O N S
As described above, the dolerites and segregations have been subdivided into five groups (S 1^S5 ) based on mass-balance relationships. Petrographic study of samples from each group indicates that there are distinct mineralogical and textural features associated with each group. Table 3 gives the mineral modes of representative samples obtained by the SEM^MLA method and Table 5 provides a summary of the petrography of each group. S 1 rocks (dolerites) are characterized by fine-to medium-grained ophitic textures ( Fig. 5a ) and contain prismatic (0·5^4 mm) euhedral to subhedral moderately embayed augite phenocrysts, smaller (0·1^3 mm) equant, subhedral^anhedral, fractured orthopyroxene phenocrysts, all enclosed by a network of (0·05^1mm) plagioclase laths. There are minor amounts of interstitial quartz and alkali feldspar in granophyric intergrowths and a few (0·01^0·1mm) grains of Fe^Ti oxide (ilmenite and magnetite). A representative modal analysis of the dolerite (sample 93-BS-96-B-1) is given in Table 3 . Intergrowths of quartz and alkali feldspar are commonly hard to distinguish optically but they are readily identified with the SEM. Ca-amphibole occurs as an alteration product around pyroxene crystals rather than as a primary phase.
The S 2 segregations have fine-to medium-grained ophitic to sub-ophitic textures with sub-equal amounts of pyroxene (low-and high-Ca pyroxene) and plagioclase ( Fig. 5b) . Low-Ca pyroxene crystals are 1^5 mm long, 
JOURNAL OF PETROLOGY VOLUME 52 NUMBER 10 OCTOBER 2011 equant and partly embayed, with fractures and reaction rims consisting of dark alteration minerals, and contain fine exsolution lamellae of pigeonite. Other low-Ca pyroxene crystals are subhedral, moderately embayed and contain abundant fine exsolution lamellae of augite parallel to (001) and inclined to (100). Augite crystals are 2^5 mm long, euhedral to subhedral, prismatic and less embayed and compositionally twinned. They commonly have exsolution lamellae of pigeonite parallel to (001), as confirmed by the different spectral patterns in the SEMM LA, and some have inverted pigeonite cores with complex twinning patterns. Plagioclase crystals are 0·4 À1mm long, euhedral to subhedral, commonly bladed and normally zoned. A representative modal analysis of this rock (sample 94-BS-154) is given in Table 3 . This rock, unlike the others, has sub-rounded orthopyroxene crystals with reaction rims and fractures filled with alteration minerals; these resemble the orthopyroxene cumulate crystals found in the opx tongue.
The S 3 segregations have sub-ophitic and poikilophitic textures consisting of approximately sub-equal proportions of plagioclase and augite (plus minor pigeonite), and between 20 and 30% vermicular intergrowths of quartz and alkali feldspar (Fig. 5c ). The rims of the plagioclase crystals are commonly optically continuous with the granophyric intergrowths. In the poikilophitic textures plagioclase and augite crystals have similar size: the poikilophitic domains consist of medium-to coarse-grained prismatic augite interlocking with tabular plagioclase crystals; granophyric intergrowths fill the interstices. The sub-ophitic domains consist of large ($0·5 mm) augite crystals embedded with smaller (0·1^1mm) plagioclase laths. In addition to their occurrence in granophyric textures, quartz and alkali feldspar form anhedral, sub-rounded grains from 0·1 to 0·5 mm in size that appear to be recrystallized. Pyroxene crystals are commonly rimmed with Ca-amphibole and biotite and the size and amount of Fe^Ti oxide grains is higher than in S 1 and S 2 . Figure 5c illustrates the poikilophitic texture within a coarser felsic segregation (94-BS-231-A) in the upper left corner, and the sub-ophitic texture associated with the dolerite (94-BS-231-B) in the lower right corner. Between these two textural zones there is a contact zone consisting predominantly of fine-grained plagioclase laths. Segregations in the S 3 group have higher modal amounts of quartz and alkali feldspar in granophyric intergrowths than the previous two groups (e.g. see Table 4 ). This group also has more alteration rims of Ca-amphibole and biotite around subhedral pyroxene crystals.
The S 4 group is composed mostly of poikilophitic domains with some sub-ophitic domains; the amount of granophyric quartz and K-feldspar intergrowths and alteration is considerably greater than in all previous groups (Fig. 5d ). The poikilophitic domains consist of interlocking, 1^8 mm, subhedral to anhedral, altered augite and 0·5^7 mm euhedral to subhedral, tabular, fractured plagioclase surrounded by medium-to coarse-grained granophyric intergrowths. The augite and minor inverted pigeonite crystals, which are subhedral to anhedral and partially to completely replaced by Ca-amphibole, biotite, epidote, actinolite and chlorite, commonly form bleb-like intergrowths with fractured and altered plagioclase crystals. The Fe^Ti oxides grains (mostly ilmenite and magnetite) are larger (0·5 mm) and are always associated with the altered pyroxene and with the granophyric intergrowths. The plagioclase crystals contain some sericite, minor titanite and epidote alteration, and are commonly fractured. Whereas some crystals are euhedral and not resorbed, others have inclusions of granophyric material through their cores and margins that are optically continuous with the granophyric intergrowths. Some crystals have kinked twins and are bent or broken (Fig. 6 ). The coarse-grained granophyric intergrowths are more pervasive, with fewer crystalline domains forming interstitially, and the K-feldspar in them is commonly altered to sericite, imparting a brown color, whereas the quartz remains unaltered. There is no modal analysis available for this sample.
The S 5 group is distinguished by having more than 50% of the mode composed of granophyre ( Fig. 5e and f), consisting of both coarse-grained vermicular intergrowths of K-feldspar and quartz and large (0·5^10 mm) sub-rounded crystals of these phases. Typically a few, long (5^20 mm) euhedral, moderately fractured plagioclase crystals are present, some of which may contain inclusions and have rims partially replaced by granophyric intergrowths. The pyroxene crystals are completely replaced by intergrowths of Ca-amphibole, biotite, minor phlogopite and chlorite, and form intergrowths with the plagioclase crystals and the granophyric textures. Fe^Ti oxides (ilmenite and magnetite) are also coarse-grained (up to $5 mm) and are associated with the replaced pyroxenes. The measured modal compositions of two representative samples of this group (93-BS-88 and 93-BS-78-1-A) are given in Table 3 . The S 5 group is distinguished from the S 4 group by having higher amounts of quartz and alkali feldspar intergrowths and fewer crystalline domains, and from groups S 1 to S 3 by having larger crystal sizes, significantly less pyroxene, more alteration minerals and more granophyric intergrowths.
Summary
Overall there is a gradual increase in the grain size and amount of granophyre and alteration minerals from the S 1 to the S 5 group. This is particularly evident in groups S 3 to S 5 , which progressively contain more regions with large Groups S 1 and S 2 have fine-to medium-grained ophitic and subophitic textures with sub-equal amounts of plagioclase and pyroxenes and minor quartz and K-feldspar intergrowths (a, b). Groups S 3 and S 4 have medium-to coarse-grained poikilophitic textures with minor subophitic domains and increasing amounts of quartz and alkali feldspar granophyric intergrowths and alteration minerals (c, d). Group S 5 consists mostly of granophyric intergrowths with few crystalline domains (e, f) and greater amount of alteration and opaque minerals. Common phases are plagioclase (plg), augite (aug), pigeonite (pig), orthopyroxene (opx) and granophyric quartz^K-feldspar intergrowths (gr). Minor phases are epidote (ep), biotite (bt), and opaque minerals (opq).
JOURNAL OF PETROLOGY VOLUME 52 NUMBER 10 OCTOBER 2011 interlocking fractured plagioclase and altered pyroxene crystals enclosing or enclosed by quartz and alkali feldspar in granophyric intergrowths. The coarse-grained plagioclase and augite crystals in groups S 3 and S 4 , the large ($2 cm) euhedral plagioclase crystals and increasing amount of granophyric intergrowths in group S 5 , and the increasing proportion of alteration minerals in all three groups S 3 to S 5 , suggest that minor amounts of volatiles were present during the formation of these segregations. In groups S 1^S4 some augite crystals have curved twins (Fig. 6a and b) and some plagioclase crystals are bent (Fig. 6f) or broken (Fig. 6c, d and h), and have kinked twins (Fig. 6c^h) . The bent and deformed plagioclase crystals contain recrystallized pockets of granophyric material (see Fig. 6e and h) and most of these deformed crystals are enclosed by granophyric intergrowths.
The compositional progression from dolerite to the most felsic segregations, together with the observed range of textural relationships between early (plagioclase and pyroxene) and late (granophyre) phases and the increasing amounts of Ca-amphibole and Fe^Ti oxides (magnetite and ilmenite) as crystallizing phases suggest that the segregations formed at different stages of crystallization of the dolerite magma.
M I N E R A L C H E M I S T RY
Chemical compositions of plagioclase and pyroxene were determined within Profile A-1, which consists of three consecutive segregations (93-BS-80, 93-BS-81 and 93-BS-82) situated below dolerite (93-BS-84). Plagioclase compositions are shown schematically in Fig. 7 . Segregations 93-BS-80 and 82 are coarse-grained and have a patchy texture, whereas 93-BS-81, which is situated between them, is medium-to coarse-grained and less patchy. The compositions of the minerals change systematically with bulk-rock composition and texture. The two most felsic and differentiated segregations, 93-BS-80 and 82, are similar in composition and texture and belong to the S 4 group; the less felsic and differentiated segregation, 93-BS-81, belongs to the S 3 group, and the dolerite, 93-BS-84, which has the most primitive composition and an ophitic texture, belongs to the S 1 group. On average five plagioclase and pyroxene crystals per thin section in segregation profile A-1 were analyzed to determine compositional variations within a given sample and across samples (Table 6 and Table 7 , respectively).
Plagioclase
Plagioclase crystals in dolerite sample 93-BS-84 are small (0·01^2 mm), euhedral laths commonly embedded in larger pyroxene oikocrysts (Fig. 7a) . Most crystals are normally zoned, although there are a few, 0·5^1mm, subhedral, tabular grains that show complex zoning. The most felsic segregations, 93-BS-80 and 82, have 1^20 mm long, euhedral to subhedral tabular and blocky crystals that are commonly fractured and altered, and have resorbed edges and cores partially replaced with granophyric intergrowths ( Fig. 7b and d) . Segregation 93-BS-81, which is less felsic, has 1^8 mm long, euhedral to subhedral, tabular and bladed crystals that are less fractured and altered than those of the other two segregations (Fig. 7c) . Table 6 summarizes anorthite contents of plagioclase crystals (cores, rims and averages) from the four samples of Profile A-1. Details of the electron microprobe analyses are given in Electronic Appendix Tables 6.1^6 .4 (all of the supplementary material is available for downloading at http://www.petrology.oxfordjournals.org). In accord with trends expected if the segregations are related to the dolerites by crystal^liquid differentiation, the dolerite 93-BS-84 has the most Ca-rich cores but Na-rich rims similar to the most felsic segregations (93-BS-80 and 82), whereas the most mafic of the three segregation (93-BS-81) has more Ca-rich cores and less Na-rich rims than the other two felsic segregations (Fig. 7e) . Plagioclase varies in size and composition with changes in the bulk composition of the host-rocks. Compositional profiles through plagioclase grains are shown in Fig. 8 . Plagioclase in the dolerite (93-BS-84, JOURNAL OF PETROLOGY VOLUME 52 NUMBER 10 OCTOBER 2011 group S 1 ) has cores with the highest anorthite concentrations and albite-rich rim compositions. The compositional profiles in this rock are irregular, although exhibiting an overall concave-downward shape from rim to core, and they display significant compositional variations both between crystals and from one edge of a crystal to the other (Fig. 8a) . One of the smallest (0·15 mm) crystals analysed (plg-01) in the dolerite has a relatively uniform and low-anorthite core region and the smallest rim to core compositional variation (An 40^62 ) when compared with the other crystals in this dolerite sample (Fig. 8a) . Plagioclase in the S 4 segregations (93-BS-80 and 82) displays generally smooth, concave-down compositional profiles; however, there are compositional variations between crystals in these samples ( Fig. 8b and d) . In sample 93-BS-82 (Fig. 8d) , plagioclase crystals 82-02 and 82-04 exhibit irregular, jagged compositional profiles with a localized decrease in An (wt %) in the intermediate region between cores and rim, suggesting that these crystals may have partially resorbed intermediate regions. The downward dip in the compositional profile plg-82-01 corresponds to a fracture going across the crystal.
Plagioclase in the S 3 segregation (93-BS-81) has the smallest compositional variation both between and within analyzed crystals, resulting in almost horizontal profiles (Fig. 8c) . The observation that the compositional profiles for the small (5 1mm) and the larger (4 1·5 mm) crystals are almost identical suggests that the larger crystals may have completely recrystallized when they came in contact with the residual liquid, or the larger crystals may have grown in the same environment as the smaller ones.
Pyroxenes
Pyroxene crystals in segregation profile A-1 vary in size, shape and composition as well as modal abundance. In the dolerite sample 93-BS-84, the pyroxene crystals consist of both augite and pigeonite, whereas in the segregations 93-BS-80, 81 and 82 the primary pyroxenes are augite in composition with pigeonite exsolution lamellae parallel to (001) and less commonly (100). Augite crystals are commonly twinned. In general, the pyroxene crystals show a regular zoning from more Mg-rich cores to more Fe-rich rims. Detailed mineral compositions of cores and rims are given in Electronic Appendix Tables 7.1^7.4. Representative compositions are given in Table 7 ; these compositions are plotted in Fig. 9 as not all pyroxene analyses yielded good totals.
All analysed pyroxene crystals in the dolerite, 93-BS-84, have distinct core and rim compositions, and they are characterized by more enstatite-rich and less Ca-rich compositions than the segregations (Table 7 , Fig. 9a^d ). One out of three augite crystals analyzed (84-03) has a pigeonite core partially replaced by orthopyroxene lamellae as indicated by the anomalously En-rich data points in Fig. 9a .
Pyroxenes in the more felsic, S 4 segregation samples show considerable compositional overlap between the cores and rims. Crystals in sample 93-BS-82 contain the most Fe-rich cores whereas those in sample 93-BS-80 contain the most Fe-rich and Ca-rich rims. Pyroxenes in the less felsic S 3 segregation sample (93-BS-81) overall have compositions that are intermediate between the S 1 and S 4 samples, but much closer to the S 4 samples.
Representative enstatite (En wt %) compositional profiles illustrating some of these features are shown in Fig. 9e . The profile corresponding to the dolerite (84-01) has the highest enstatite concentrations and shows the most rim to core variation compared with profiles from the segregations samples. All four profiles display asymmetric concave shapes with higher enstatite concentrations within the core of the crystal. Profile 81-03, from a crystal in the S 3 segregation, displays a slightly higher peak enstatite concentration than the profiles from the S 4 segregations. Profile 82-04A (diamonds in Fig. 9e ) shows little variation in composition from the center towards the rim on the right side: this could be because exsolution lamellae within that region of the crystal prevented accurate sampling of the average composition.
Granophyre
There is a systematic increase in the proportions of quartz and K-feldspar in the granophyric intergrowths with increasing silica content in the segregations that is particularly noticeable in the most differentiated samples represented by the group S 5 . In the segregation profile A-1, the S 4 segregations 93-BS-80 and 82 have the highest amount of granophyric intergrowths and are also the most felsic and differentiated samples.
In general, as the granophyric texture becomes more pervasive, plagioclase crystals with partially replaced cores and margins that are optically continuous with the granophyric intergrowths become more common. In the S 5 group plagioclase crystals are generally replaced by granophyric intergrowths and only a few large ($1cm) euhedral isolated plagioclase crystals appear to be in equilibrium with the granophyre.
SEM electron backscatter images were used to study granophyric intergrowths of alkali feldspar and quartz in two dolerite samples (93-BS-84 and 93-BS-96-B-1) and one segregation (94-BS-154-A) sample. The data are given in Electronic Appendix Tables 6.5 and 6.6, respectively. In the dolerite and segregation samples the granophyric intergrowths are characterized by light grey areas corresponding to K-feldspar and dark grey areas corresponding to quartz. The K-feldspar commonly surrounds euhedral to subhedral plagioclase crystals in small interstitial pockets, whereas in the segregation sample 94-BS-154-A it forms larger interstitial pockets. In all samples the composition of the K-feldspar ranges between 84 and 89 wt % orthoclase (Or) with an average of 85 wt % Or. In the dolerite samples, the quartz forms small intergrowths but in the segregations the quartz intergrowths are larger and occasionally form isolated crystals. The quartz analyses yielded compositions close to 100% SiO 2 within about 0·5% measurement uncertainty.
Summary
Plagioclase crystals in segregation profile A-1 show regular compositional variations between the dolerite and the three adjacent segregations. Plagioclase in the dolerite has the largest compositional variation, both between crystals and between core and rim, indicative of continued fractionation. The segregations all have progressively more albite-rich core and rim compositions (Table 6) as would be expected if these rocks formed as fractionated liquids from the dolerite. In addition, the segregations have systematically larger crystal sizes and they display flatter core^rim profiles than plagioclase in the host dolerite, possibly reflecting faster diffusion rates enhanced by a more volatile-rich environment that promoted growth and re-equilibration of the crystals. Plagioclase in the segregations has an average composition between An 53 and An 61 , which is within the range of rim to core compositional variation (An 41^62 ) of crystal 84-01, which is one of the smaller crystals from the dolerite sample 93-BS-84. This is consistent with the segregations forming from the fractionated liquid of a dolerite parent.
The two most felsic segregations, which belong to group S 4 , have comparable plagioclase compositions, but the more altered segregation 93-BS-82 has a wider compositional range and more irregular plagioclase compositional profiles. Plagioclases within segregation 93-BS-81 (group S 3 ) have smaller ranges of compositional variation characterized by slightly more anorthite-rich cores and less albite-rich rims (Table 6 ) than the two S 4 segregations, as would be expected for this less differentiated segregation. This sample shows very little compositional variation between cores and rims within analyzed crystals.
The pyroxenes in the segregations have more Fe-rich cores and rims, and higher Ca contents than the pyroxenes in dolerite 93-BS-84, which is consistent with the more evolved composition of the segregations. Segregations 93-BS-80 and 93-82, which have similar textures and major element compositions, have overlapping core and rim compositions with overall more Fe-rich cores and more Fe-rich rims than the less differentiated segregation 93-BS-81 and the adjacent dolerite 93-BS-84 (Table 7) .
M AJ O R-E L E M E N T G E O C H E M I S T RY
In the Quartz^Alkali Feldspar^Plagioclase (QAP) ternary diagram (Streckeisen, 1973) , the dolerites and felsic segregations define a trend from quartz diorite to granodiorite passing through the quartz monzodiorite field (Fig. 10a) . The S 1 group rocks (black diamonds) have quartz diorite and quartz monzodiorite compositions, except for one sample, 94-BS-160-A-2-2, which plots in the granodiorite field. This sample is part of a large composite segregation that contains alternating felsic and mafic sub-lenses. The S 2 segregations (grey filled squares) have granodiorite compositions except for one less differentiated sample 94-BS-154-A, which corresponds to the less felsic component of segregation 94-BS-154. This sample is unusual in other ways and will be discussed further below. The S 3 , S 4 and S 5 segregations plot in the granodiorite field with the quartz component generally increasing with group number. Only two samples (93-BS-141 and 94-BS-212) from the S 5 group deviate from the main trend: these samples have higher K 2 O concentrations and are more altered than any other segregation.
In an Na 2 O þ K 2 O^FeO T^M gO (AFM) diagram (Fig. 10b) , the S 1 and the S 2 groups plot closer to the Mg-rich corner, and both display a wide range of FeO T ; the S 2 group, which contains a higher modal abundance of orthopyroxene, plots closest to the FeO T^M gO sideline. The S 3 and the S 4 segregations show a systematic enrichment in FeO T , except that the majority of the S 3 samples have consistently lower FeO T concentrations and form a tighter cluster than the majority of the S 4 samples. The S 5 segregations exhibit two arrays of data; one that is slightly higher in FeO T and one that is lower in FeO T with continued fractionation. Although these rocks are continuously enriched in the alkalis, the varying FeO T trends in Fig. 10b could be due to the different modal amounts of pyroxene and the varying amounts of alteration to Fe^Ti oxide and biotite.
The S 1^S5 segregation suite shows a wide bulk-rock compositional range of 51^67% SiO 2 , 1^13 wt % MgO, 7^15 wt % FeO T , 8^20 wt % Al 2 O 3 , 4^13 wt % CaO, 0·04^0·35 wt % P 2 O 5 , 0·4^2·3 wt % TiO 2 , 1^4 wt % Na 2 O, and 0·4^2·5 wt % K 2 O. The Mg-number [MgO/ (FeO T þ MgO)] ranges from 16 to 70. The alkalis (Na 2 O þ K 2 O) range from 1·2 to 5·5 wt % with the S 5 group having the lowest Mg-number and the highest alkalis, and the S 1 group having the highest Mg-number and the second lowest alkalis. Bulk-rock compositions of groups S 2 , S 3 and S 5 are given in Table 2 ; only representative bulk-rock compositions of groups S 1 and S 4 are reported. The complete dataset for Table 2 is available as an Electronic Appendix. The bulk-rock compositions are plotted on Harker variation diagrams and shown in Fig. 11 . In this figure, two of the three samples from group S 2 behave like highly differentiated members of group S 1 : the outlying samples is 94-BS-154-A, which we will argue is not part of the differentiation sequence.
There is a systematic increase in the less compatible elements (P 2 O 5 , K 2 O and Na 2 O) with increasing SiO 2 across the sample suite, and a less linear but regular decrease in the compatible elements (MgO, CaO, Al 2 O 3 ). The FeO T and TiO 2 concentrations exhibit more scatter. Overall, as SiO 2 increases FeO T concentrations show an increase for group S 1 and a decrease for groups S 3^S5 . TiO 2 concentrations increase with SiO 2 in groups S 1^S3 , show a large scatter in group S 4 , and decrease in group S 5 .
Figures 10 and 11 show that there is a compositional continuum between the host dolerites and the most felsic segregations and this differentiation trend can be best observed in the systematic decrease of CaO with increasing silica in groups S 1 to S 5 . The Harker diagram trends can be explained as the result of simultaneous fractional crystallization of pyroxene and plagioclase from the most mafic (dolerite) magma. The decrease in FeO T and TiO 2 at higher SiO 2 is explained by the late crystallization of Fe^Ti oxides. Normative mineral compositions plotted in a Quartz^Alkali Feldspar^Plagioclase diagram of the dolerites described by group S 1 (diamonds, black ellipse), and segregations described by groups S 2 (grey squares, dashed grey ellipse), S 3 (Â, continuous-line grey ellipse), S 4 (triangles, black ellipse) and S 5 (circles, black ellipse). Numbered regions correspond to IUGS classification rock types: 3, granite; 4, granodiorite; 5, tonalite; 9*, quartz monzodiorite^quartz monzogabbro;10*, quartz diorite; 9, monzodiorite^monzogabbro;10, diorite^gabbro^anortho-site. (b) AFM diagram for the same segregation^dolerite suite showing a tholeiitic trend characterized by iron enrichment followed by alkali enrichment with progressive differentiation, in particular in groups S 4 and S 5 . 
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M E LT S M O D E L I N G O F T H E S I L I C I C S E G R E G AT I O N S
The whole-rock and mineral chemistry data suggest that the silicic segregations are compositionally related to the host dolerite. Their compositions are broadly compatible with a recent model for the formation of felsic segregations during cooling of thick sills (Marsh, 2002) , in which a crystal mush growing downward from the top contact of the sill becomes gravitationally unstable when it is $50^70% crystalline and tears. These tears are then filled with residual liquid filter pressed from directly below. According to this model, the segregations in the BS represent residual liquids after 50^70% crystallization of the host dolerite. As such, their bulk compositions should follow the liquid lines of descent of their parent magma composition. In this study the program MELTS (Ghiorso & Sack, 1995; Asimow & Ghiorso, 1998 ) was used to model the crystallization of the segregations from a parent dolerite liquid. After determining the best parent melt composition, we model the formation of the segregations using different crystallization models to obtain the best fit with the compositions of the segregations.
MELTS methods
The MELTS program combines thermodynamic principles and optimization procedures to compute stable heterogeneous equilibria between solids and liquids at specified temperatures and pressures in magmatic systems. Given a bulk composition, equilibrium states can be calculated at chosen temperature or pressure intervals during crystallization, melting, assimilation or mixing processes. The proportions and compositions of all phases are given at each interval, and the program allows forward modeling of the system under equilibrium crystallization (EC) or fractional crystallization (FC) conditions. MELTS has been successfully used to model magmatic processes in peridotite, basalt and andesite systems (Ghiorso & Carmichael, 1985; Hirschmann et al., 1999; Asimow et al., 2001; Eason & Sinton, 2006) . However, it has been shown that the MELTS model tends to become unstable at high degrees of differentiation of a basaltic parent magma (Ghiorso & Sack, 1995) ; consequently, in this study all models were run until a lower temperature of 9008C, or $80% crystallization in FC and 90% in EC was achieved.
Determining the crystallization conditions in the Basement Sill
To model the evolution of the BS, an initial liquid composition is assumed and the temperature is decreased at regular intervals between the liquidus and the solidus at a constant pressure. The change in liquid composition is defined as the liquid line of descent (LLD), analogous to a differentiation trend. If segregations in the FDS are simple fractionated liquids from a parent basaltic magma, then they should lie on the LLD.
Based on the mineralogy and geological setting of Ferrar tholeiites from the southern Prince Albert Mountains in south Victoria Land, Demarchi et al. (2001) inferred that crystallization occurred at a pressure between 100 and 500 MPa in a system that was closed to oxygen exchange. This estimate for the depth of emplacement may be extended to the BS on the basis of the work of Hersum et al. (2007) , who estimated a paleodepth of $3^4 km based on the thickness of the capping comagmatic Kirkpatrick flood basalts. For systems that are closed to oxygen exchange, MELTS calculates the oxygen fugacity (f O2 ) by defining the ferrous to ferric ratio according to the bulk composition at each temperature for a constant pressure, whereas for systems that are an open to oxygen exchange (which we also considered) MELTS requires that the f O2 of the system be specified along a known oxygen buffer, which for magmas of this composition is taken to be the FMQ (fayalite^magnetite^quartz) buffer. MELTS calculations were also done with a more oxidizing buffer (nickel^nickel oxide) but as these results did not reveal any significant difference, they are not shown.
The mineralogy of the dolerite is predominantly anhydrous, arguing for a relatively dry magma. However, the segregations are characterized by higher concentrations of hydrous phases and hydrous alteration of previously crystallized phases, and are coarse-grained, all indicative of higher H 2 O concentrations in the residual liquids. Moreover, the quartz and K-feldspar granophyric intergrowths characteristic of the segregations have been interpreted to develop as a result of sudden H 2 O loss (e.g. Winter, 2001) . We elected to run the MELTS models for anhydrous conditions (0 wt % H 2 O in the initial liquid composition) and hydrous conditions (0·5 wt % of H 2 O).
Models for the solidification of thick sills (Philpotts et al., 1996; Marsh, 2002) suggest that over a large part of the crystallization history there is little relative motion between crystals, which are connected together in permeable networks, and the surrounding interstitial liquid. This might suggest that equilibrium crystallization (EC) would be the appropriate crystallization mode for the BS. However, conductive cooling models indicate that the upper levels of the sill, where the segregations occur, would have solidified relatively quickly (within hundreds of years) so there would not have been time for the centers of early formed crystals to equilibrate with the surrounding liquid by diffusion; thus we infer that the earlier-formed crystals were chemically removed from the system, as in the fractional crystallization (FC) mode. As a result, we chose to run the MELTS models for both EC and FC conditions.
Determining the best parent magma compositions for the segregations
The BS (excluding the orthopyroxene cumulate tongue) is a relatively uniform dolerite and so representative dolerite liquids were sought as the parent magma composition. To determine the best parent composition for the segregations, two representative dolerite samples were chosen from each of three locations within the BS; however, as the results for the two samples from each location were very similar, only one of each pair is shown in Fig. 12 . Their locations in the BS and their bulk compositions are given in Table 8 . The three samples shown are from the upper chilled margin of BS (96-A-26), a dolerite adjacent to a segregation lens (93-BS-90-B), and a medium-grained dolerite located from the centre of the sill above the cumulate layer (96-A-33). These samples are referred to in the discussion below as the CM ('chilled margin'), SA ('segregation-adjacent') and CS ('central sill') samples, respectively.
Although these candidates for the parental liquid have broadly similar compositions, there are significant differences in their major element compositions (Table 8) . Interestingly, the chilled margin sample has the most evolved composition, suggesting that it does not represent the parental liquid for the entire sill and that the sill was built up by more than one magma pulse.
The three candidate parent liquid compositions were used as starting materials in the MELTS models with the following permutations: (1) EC or FC, and (2) anhydrous or hydrous (0·5 wt % H 2 O present in the initial liquid). All models were run at a constant pressure of 100 MPa 
MELTS results
The results from these MELT models are shown in Fig. 12 and Electronic Appendix Fig. 12 -S. Figure 12 shows LLDs for the major elements MgO and CaO for the three dolerite samples compared with the compositions of the segregations (black diamonds). Each symbol along the LLDs corresponds to a 108C decrease in temperature, with a corresponding increase in silica. The left and right panels in the figure correspond to EC and FC conditions, respectively. Supplementary Data Fig. 12 -S shows LLDs for major elements FeO and Al 2 O 3 for the three dolerite initial liquid compositions compared with the segregations.
As expected for liquids with a dolerite composition, the models indicate that with increasing SiO 2 and decreasing temperature the concentrations of MgO, CaO and Al 2 O 3 in the residual liquids should decrease systematically whereas the concentrations of FeO first increase and then decrease when the iron oxide phases crystallize.
It is noteworthy that the segregation compositions are scattered over a range at least as wide as that between the LLDs, suggesting that there was more than one parent liquid. It can also be seen that the LLDs for the CM (long-dashed line in Fig. 12 ) often fall between those of the SA and CS, and that for the best-fit cases many of the segregation compositions also fall between these two dolerite LLDs. Therefore, only the SA and CS limiting compositions are shown in the following MELTS models.
For the present models, closed to oxygen exchange, the best-fit LLDs differ for different oxides. MgO and CaO concentrations are best matched by a wet EC model, FeO concentrations by FC models, and Al 2 O 3 by a dry FC model.
Refining the crystallization model for the segregations
The roles of starting composition and oxygen diffusion are evaluated in Figs These figures show that the degree of fit between LLDs and the segregation data is not sensitive to oxygen diffusion for any of the oxides, except perhaps for FeO when using the wet FC model. The starting composition is a more important variable. For the FC models, the FeO concentrations of the segregations are bracketed by the LLDs for the SA and CS dolerite starting compositions, with the hydrous FC model providing the best fit (Fig. 13d) . The inflection points in these LLDs correspond to the crystallization of magnetite, which occurs at $55 wt % SiO 2 and $60 wt % SiO 2 for the SA and CS samples, respectively.
In the segregations the measured CaO concentrations decrease rapidly with increasing SiO 2 up to $59 wt % SiO 2 after which the decrease is less rapid, whereas in the MELTS models this change occurs at $55 wt % and $60 wt % SiO 2 in the FC models using SA and CS dolerite compositions, respectively ( Fig. 13f and h ). In the EC models there is little change in the slope regardless of the initial composition used except at the lowest SiO 2 (Fig. 13e and g ). In the models, the initial rapid decrease is due to the crystallization of Ca-rich pyroxene and plagioclase but with continued crystallization the plagioclase becomes progressively more albite rich and thus consumes more sodium than calcium. Supplementary Data Fig Fig. 13-Sf) .
Modeling of the less compatible elements, Na 2 O and K 2 O, generally shows an increase in concentration with increasing silica and decreasing temperature, as expected (Fig. 14) . However, the concentrations in the segregations differ significantly from those predicted by the MELTS LLDs. Above $59 wt % SiO 2 , K 2 O in the segregations remains approximately constant at $1·5 wt %, whereas the K 2 O concentration in the model liquids continues to increase with increasing SiO 2 . With respect to Na 2 O, the concentrations in the model liquids rise to a maximum before declining at high wt % SiO 2 , whereas concentrations in the segregations increase monotonically with increasing SiO 2 . The reason for the discrepancy is not McT  54·83  0·61  14·88  9·90  1·65  0·17  7·00  10·95  1·70  0·83  0·08  101·12   SA  52  93-BS90-B  Seg B  51·89  0·38  13·81  10·57  1·76  0·19  9·33  11·77  1·33  0·42  0·04  100·37   CS  30  96-A-33  MP  53·84  0·64  13·83  9·20  1·81  0·17  7·56  10·30  1·58  0·81  0·08  98·20 clear; however, evidence for small amounts of deuteric and hydrothermal alteration in the segregations manifest by the presence of amphibole and biotite replacing pyroxene, minor secondary white mica replacing biotite, and sericite replacing plagioclase may be significant in this regard. Also, there is some K and Na ion exchange along the regions where the granophyric intergrowths surround subhedral or partially resorbed plagioclase crystals that might account for the difference in the K and Na trends in the segregations. Although none of the models provides a good fit to the alkali concentrations in the segregations, the wet FC model is closest (Fig. 14d and h ). The P 2 O 5 concentrations in the segregations are well approximated by the LLDs for this element, in particular the FC model (Electronic Appendix Fig. 14-Sb and d) , whereas the TiO 2 concentrations show too wide a scatter to be properly modeled by either EC or FC models (Electronic Appendix Fig. 14-Se^h) , probably owing to the coarse-grained and heterogeneous textures of the segregations.
In summary, the MELTS model results show that none of the models provides good fits for all oxides as the segregation compositions do not follow the simple LLDs expected for fractionated residual liquids. However, overall, considering both compatible and less compatible elements (Figs 12^14 and 12-S-14-S), the wet FC closed-system model provides the best fit to the segregation compositions for most elements. For MgO and CaO EC models provide better fits but principally at high silica values for the most differentiated of the segregations (group S 5 ). The differences for single elements indicate that no single, simple crystallization model can adequately explain all the data for such a dynamically evolving system, but overall we conclude that the most representative model for the segregations is an FC model that starts from a range of different initial magma conditions (between SA and CS), which crystallize close to the FMQ buffer (closed to oxygen exchange) and have at least 0·5 wt % H 2 O present in the initial liquid composition.
MELTS crystallizing phases
The MELTS models predict the sequence and temperature of crystallization and the per cent crystallization (f) of the solid phases from the liquid. This information is summarized in Fig. 15 for liquids SA and CS, using FC hydrous models closed to oxygen exchange. The top panel displays the silica content of the residual liquid, and the crystals that form from it, as a function of crystallinity, and the bottom panel shows temperature as a function of crystallinity. The models were run from the liquidus to a near-solidus temperature of $9008C, beyond which the MELTS models became unstable. Figure 15a shows that the cotectic mineral assemblage pigeonite (pig), augite (aug) and plagioclase (plg) form at $18% and 16% crystallization (f) for the SA and the CS liquids, respectively. The first mineral to crystallize is Mg-rich olivine in the SA liquid and Mg-rich orthopyroxene in the CS dolerite liquid, which has a higher initial SiO 2 concentration. It is important to note that the first mineral to crystallize in both cases is shortly replaced by pigeonite or augite and subsequently joined by plagioclase.
Magnetite begins to crystallize at $10778C corresponding to f ¼ 59% in the SA liquid, and 10918C corresponding to f ¼ 42% in the CS liquid. When the temperature decreases to 9978C (f ¼75%) in the SA liquid and 9218C (f ¼72%) in the CS liquid, an Fe-rich olivine phase replaces pigeonite and continues to crystallize along with augite, plagioclase and magnetite. The composition of the augite becomes more Fe-and Ca-rich, the composition of the plagioclase becomes more Na-rich and the composition of the magnetite becomes more Ti-rich with decreasing temperature. Only in the dry FC model using dolerite liquid CS does ilmenite (FeTiO 3 ) crystallize along with olivine, augite and plagioclase at a temperature of 9278C.
These crystallization sequences were also calculated for different models. For the two starting dolerite compositions, both EC and FC models have similar crystallization sequences involving two pyroxenes (pigeonite and augite), plagioclase and magnetite, and at very low crystallization temperatures and under varying H 2 O conditions, ilmenite, quartz and an H 2 O phase form, but at different temperatures and degrees of crystallization. The main differences between the EC and FC models are that the mineral compositions are more evolved in the FC model at each temperature step, as would be expected for an FC model. Also, well after (1008C or so cooling) magnetite crystallizes, an Fe-rich orthopyroxene in the EC model and an Fe-rich olivine in the FC model replace pigeonite. The quartz phase crystallizing during the last stages of crystallization in the EC model liquids could react with the Ca-poor pyroxene to form more Fe-rich olivine.
Another distinction between EC and FC models is that quartz crystallizes in the dry EC models. This occurs at a temperature of 9078C (f ¼92%) for the SA liquid and at 9198C (f ¼82%) for the CS liquid. Water vapour exsolves in the wet EC model below 9178C (f487%) for the SA liquid only. These phases were not seen in the FC models probably because the upper limit on crystallization, beyond which the MELTS model became unstable, was only $80% for the FC models, whereas for the EC model it was $98%. By extrapolating from the EC models it is plausible that quartz would crystallize and H 2 O vapour would exsolve if the FC models could reach similar degrees of crystallinity. The crystallization of quartz and exsolution of volatiles (H 2 O) at the last stages of crystallization is compatible with the granophyric textures observed in the segregations.
The LLDs in the FC models (Figs 12 and 13) show that during the first several tens of degrees of cooling, the MgO content in the liquid decreases sharply and there is a less marked decrease in CaO, whereas the FeO content of the liquid increases. These changes can be directly tied to the crystallization of Mg-rich pyroxene and Ca-rich plagioclase, which remove MgO and CaO while allowing FeO and the less compatible elements to build up in the liquid. After magnetite joins the cotectic there is an abrupt decrease in the FeO and an abrupt increase in SiO 2 concentrations in the liquid. With continued crystallization, the TiO 2 concentration in the liquid also decreases abruptly as the magnetite becomes more Ti-rich and ilmenite (FeTiO 3 ) joins the cotectic.
The addition of H 2 O depresses the liquidus temperature and promotes early crystallization of magnetite in both EC and FC models, decreasing the FeO concentrations in the modeled liquids. However, as mentioned above, an H 2 O vapour phase is observed only in one of the wet EC models. With continued fractionation and increasing volatiles the MELTS program becomes unstable for these types of compositions, making it impossible to quantify processes such as the formation of the granophyric intergrowths and the deuteric alteration process in the Crystallinity and temperature during felsic segregation formation Using the two model LLDs for the closed, hydrous FC model, we can use the silica content of the segregations (52^67 wt %) to attempt to find bounds on the crystallinity interval over which the segregations formed, as illustrated by grey shaded region in Fig. 15a . The highest silica contents of 67 wt % correspond to 81% crystallization of liquid SA and 67% crystallization of liquid CS. We should note, however, that the silica content of the liquid changes little until magnetite begins to crystallize, which occurs at 59% crystallization for liquid SA and 42% crystallization for liquid CS. Thus if a segregation forms prior to these crystallization intervals, it would not be particularly enriched in silica.
Because there is significant overlap in the SiO 2 contents of the dolerite samples (50 À54 wt %) and the low SiO 2 segregations in group S 1 (51^55 wt %), it is not possible to constrain accurately the lower bounds on the crystallinity interval over which the segregations form. Philpotts & Dickson (2000) suggested that an interconnected crystalline mush capable of being torn would form at as low as 33% crystallinity in a basaltic magma. From Fig. 15a we observe that multiple saturation of two pyroxenes and plagioclase is reached at 18% and 16% crystallinity for liquids SA and CS, respectively, so that an extensive interconnected network of crystals would exist at a crystallinity of 33%. Using SA as the initial composition, the segregations might have separated from a mush at between $33 and 81% crystallization of the parent liquid (light grey shaded area Fig. 15b) , which corresponds to a temperature of between 1138 and 9348C. For a CS initial composition, and a range of crystallinity from 33 to 67%, the temperature range is from $1113 to 9788C (dark grey shaded area in Fig. 15b ).
At crystallinity of 33% for the CS composition, the silica content of the residual liquid is about 56%, corresponding to the middle of the range for the group S 3 segregations and the lower end of the range for the S 4 segregations (Fig. 11) . This suggests that the low-SiO 2 segregations (groups S 1 and S 2 ) originated from a parent melt similar to SA. We note, however, that according the physical model we present below, it is possible that poorly differentiated or undifferentiated liquids and crystals might be channelled upward into a segregation lens from deeper in the sill rather than separating from the adjacent crystal mush.
At temperatures as low as 9348C the liquid may be too viscous to segregate effectively, so we suggest that if the segregations have silica concentrations greater than, say, 55^60 wt % they were probably segregated from a parent more like CS than SA. A residual liquid of CS with 67% SiO 2 would have separated from a mush that was 67% crystalline at a temperature of 9788C. Alternatively, the most silica-rich segregations might have formed from a parent liquid like SA at high crystallinity, if the increasing concentration of volatiles (H 2 O) significantly reduced the viscosity of the residual liquid, making it possible to segregate it at these low temperatures.
Summary of the MELTS modeling
Although none of the MELTS models carried out in this study provide good matches for all of the segregation data, the segregation compositions are best explained by fractional crystallization (FC) of a parent dolerite liquid at about 100 MPa, with up to 0·5 wt % H 2 O. This model is in agreement with previous models of the FDS (Demarchi et al., 2001) and more recent models on the crystallization of the BS (Marsh, 2004; Be¤ dard et al., 2007; Boudreau & Simon, 2007) .
The FC model is arguably more appropriate than EC models owing to rapid crystallization relative to solid-state diffusion, such that that the cores of early formed crystals remain chemically isolated from the liquid. This effect may be enhanced as a result of multiple intrusions within the BS (see below).
The segregation compositions do not follow the LLDs expected for residual liquids. A number of factors are expected to contribute to this discrepancy. First, the segregation compositions could represent mixtures of liquids and crystals entrained from the mush, as they are filter pressed through the mush to form the segregations (Zavala, 2005; Fodor, 2008) . The scatter of segregation compositions also suggests that these segregations were not derived from a single parent liquid; many of the segregations fall between the liquid lines of descent of the two dolerites: 93-BS-90-B, adjacent to a segregation lens, and 96-A-33, from a deeper level in the BS sill.
M O D E L F O R F O R M AT I O N O F T H E S E G R E G AT I O N S
The proposed physical model for formation of the segregations is illustrated in Fig. 16 , which shows schematic snapshots of the sill at different times. The main solidification process is based on existing models for sheet-like magma bodies (Philpotts & Dickson, 2000; Marsh, 2002; Philpotts & Philpotts, 2005) . In these models solidification fronts propagate inwards with time from the upper and lower boundaries. These fronts are crystal networks with lower crystallinity and higher temperature than the more completely crystallized magma nearer the contact. Near the 'capture front' the crystal network becomes weak and very porous and most crystals are connected together on a short length scale; below the front a few crystals exist as single suspended crystals. The boundary between mush and magma is a feathery, irregular region with a large surface area providing many sites for nucleation of new crystals. The upper solidification front is inherently gravitationally unstable, and we expect that in any but the thinnest sills, clusters of loosely bound crystals (glomerocrysts) periodically detach from the capture front and settle onto the lower solidification front; some of these crystals may be resorbed if they reach the hotter liquid below, but on their way they stir the intervening magma (Tait & Jaupart, 1992) . This stage is illustrated schematically in Fig. 16a . With time, as the solidification front becomes broader and heavier, larger and more crystalline clusters can detach (Fig. 16b) .
For sills !100 m thick, detachment can occur as propagating, plastic tears with sharp contacts at levels in the front where crystallinities are as low as 30^35% (Philpotts & Dickson, 2000) . The segregations in the BS usually have sharp upper and lower contacts. This suggests that when tearing occurred the mush was sufficiently crystalline to preserve both margins of the tears. Eventually the upper and lower solidification fronts will meet, although not necessarily at the same time in all locations (Fig. 16c) , filling the centre of the sill with a weak, heterogeneous crystal network. Tearing and the formation of segregations may occur in the upper front before the fronts meetçor after the fronts meet as the weak network compacts. Tearing ceases as the upper front rests stably on the lower front.
The weakest, central part of the crystalline network may subsequently be disrupted if a new pulse of magma inflates the sill (Fig. 16d) . The melt injection may rip off and disrupt weak crystal clusters from the fronts and introduce suspended crystals. The development of a crystal network requires a low-energy environment. In the energetic, forced flow of a new magma pulse, any solid fraction will consists of single crystals that can move relative to one another and can be sorted by sedimentary processes (e.g. Middleton, 1970) . Sedimentation of introduced crystals is probably responsible for the cumulate tongue of the BS (Fig. 16d) .
When the crystal network in the centre of the sill is replaced with a layer of liquid ( Fig. 16c and d) , the upper solidification front becomes newly gravitationally unstable. If the upper solidification front is thin, a feathery boundary region is re-established and solidification continues as shown in Fig. 16a and b . If, however, the solidification front is thick, then a new magma influx can instigate a new episode of tearing. Where earlier tears are incompletely crystallized and constitute weak regions in the front, they may be reactivated and extended, propagating sideways and vertically in subparallel interconnected fractures (Hersum et al., 2005) (Fig. 16d) . Earthquakes and fluid shear stresses associated with fresh magma influxes would add to the gravitational stresses to cause reactivation and extension of old tears. The sets of sub-horizontal anastomosing, thick ($0·5^2 m) lenses observed in the upper parts of the BS are thought to have formed by this process. Interpretation of mafic pegmatoids at the Dais suggests a similar formation process, in which liquids forming the pegmatoids were filter pressed from the surrounding gabbronorite during compaction of the mush (Geist et al., 2005) .
Tearing would cease when the gravitational instability causing the tear was eliminated, either because the mush at deeper levels beneath the tear delaminated, reducing the weight, or because the foundering underlying mush became partially supported by the lower solidification front (Fig. 16e) .
The most felsic segregations, felsic pods and stringers, seen particularly well at the Dais, could have formed during the last stages of crystallization when an H 2 O-rich fluid phase segregated from the residual liquid by crystallization-induced degassing (i.e. second boiling). It has been proposed that exsolution of gas leads to an increase in pressure, which drives late-stage residual fluid from the crystal-rich matrix into crystal-poor zones under lower pressure (Anderson et al., 1984; Goff, 1996; Sisson & Bacon, 1999; Caroff et al., 2000; Boudreau & Simon, 2007) . Philpotts et al. (1996) related centimetre-scale felsic blobs within mafic segregation sheets to exsolution of volatiles. A higher partial pressure of H 2 O or cooling (e.g. Puffer & Horter, 1993) could cause fracturing in the highly crystalline region near the upper contact of the BS. Late residual liquid could collect in these cooling and degassing fractures to form pods and streaks of felsic material (Fig. 16e) .
Multiple influxes of magma
The present model differs from that of Marsh (2002) in that the tearing process caused by gravitational instability of the upper solidification front occurred at various times and places throughout the crystallization of the BS, triggered by multiple episodes of magma influx. Marsh (2002) suggested that segregation lenses ceased opening when they froze, whereas we propose tearing ceased when the gravitational stress was removed.
The existence of multiple pulses of slightly different input magma (Philpotts & Philpotts, 2005) would help to account for the range of parent liquids suggested from the MELTS modelling (Figs 12^14). These pulses are inferred to have undergone varied degrees of fractional crystallization at deeper levels. The most dramatic evidence for multiple inputs is the opx-rich tongue midway in the BS. Its location indicates that the lower BS had previously crystallized (thereby preventing the orthopyroxene phenocrysts from accumulating at the lower margin of the BS). Recent work on the crystallization of the BS (Marsh, 2004; Hersum et al., 2007; Be¤ dard et al., 2007; Boudreau & Simon, 2007) suggests that the orthopyroxene-rich tongue in the BS was intruded as a crystal-rich mush after being texturally equilibrated at a much deeper level.
There is not a strong correlation between the SiO 2 concentration in the segregations and their position in the BS. Although high-SiO 2 segregations tend to occur closer to the top contact, low-SiO 2 segregations are found at all levels (Fig. 17) . Additionally, many segregations show internal layering that may be related to multiple pulses into a given lens (Table 1 ). The anomalous group S 2 segregation sample 94-BS-154-A occurs at a level close to the top of the opx tongue (square at D $100 m in Fig. 17 ). This location in combination with its unusual composition suggests that it is related to the opx tongue intrusion, that it may in fact be a part of that crystal-rich influx forced into a tear in the dolerite mush.
Therefore, it is suggested that there may have been multiple episodes of segregation formation triggered by fresh influxes of magma into the sill, and that old tears could have been reactivated at different times. This is consistent with the wide range of temperatures and predicted crystallinities for the melt segregations. Moreover, tears in the mush may propagate by a system of fractures (Philpotts et al., 1996; Zavala, 2005) allowing liquid derived from the crystal mush at one level to move to a higher level, so that SiO 2 -poor segregations need not necessarily be found adjacent to their parent mush. For instance, segregations in the Kilauea Iki lava lake include material from the adjacent mush and a deeper source ($77^105 m) in the lake (T. R. Helz, personal communication, 2007) .
Mixed liquids and crystals
Previous workers have considered that felsic segregations are filter-pressed residual liquids, whereas here we suggest that they are made up of mixtures of crystals and residual liquids that might come from deeper levels in the sill as well as locally. If tearing is an abrupt process triggered by influxes of magma, rather than a very gradual process, then it is easy to envisage that crystals could be entrained from the mush, whereas others were trapped in the mush owing to unfavourable aspect ratios. The spread in the bulk chemical compositions of the segregations and the way in which the segregations can be grouped according to the minerals added to or subtracted from a residual liquid support this idea. The regular but varied range in texture, as well as the presence of deformed pyroxene and plagioclase crystals, are additional lines of evidence. Helz et al., 1989 reported a narrow compositional range ($1^6 wt % CaO) for filter-pressed interstitial liquids found in the upper parts of the Kilauea Iki lava lake. The fact that the BS segregations show such a wide compositional range (52^67 wt % SiO 2 and 4^13 wt % CaO) could suggest that the segregations represent mixtures of crystals and liquids.
S U M M A RY A N D C O N C L U S I O N S
Coarse-grained leucocratic segregations are a ubiquitous feature within the upper $100 m of the $300 m thick Basement Sill (BS), the lowermost of four related Ferrar Dolerite Sills exposed in the McMurdo Dry Valleys region of South Victoria Land, Antarctica (Fig. 1) . Based on field observations, petrography, major element geochemistry and thermodynamic modelling, we suggest that the segregations were formed by tearing of the upper solidification front of the partially solidified BS as a result of gravitational instability, and that their range of compositions and textures can be explained by multiple episodes of tearing and infilling by liquids and crystals of various compositions during the crystallization of the BS.
Segregations within the BS have bulk chemical compositions and mineralogy that suggest they are composed of varying proportions of interstitial liquid and crystals derived during fractional crystallization of the host dolerite. Their compositions form a continuum between the host sill (52 wt % SiO 2 ) and the most fractionated segregations (67 wt % SiO 2 ), following a tholeiitic differentiation trend (Fig. 10b) .
There are systematic changes in mineralogy and texture with increasing silica concentration. Dolerites have fineto medium-grained ophitic and subophitic textures, with minor amounts of interstitial quartz and alkali feldspar in granophyric intergrowths, opaque minerals and alteration minerals. As the silica content increases, the segregations become coarser-grained and develop sub-ophitic and poikilophitic textures, and the amounts of secondary alteration, opaque minerals and granophyric intergrowths increase. These features are explained by separation of residual liquid, plus or minus crystals, from the crystallizing magma over a range of crystallinities. In segregations with intermediate compositions and variable grain size, some augite crystals are bent and some plagioclase crystals are broken, bent and have kinked twins, suggesting these crystals were entrained in a partially crystalline, deforming medium.
Modelling using the thermodynamic program MELTS demonstrates that the major element compositions of the segregations are largely consistent with their being residual liquids formed at various stages during fractional crystallization of a basaltic magma. The segregations could not have been derived from a single parent liquid; however, three dolerite samples from different positions in the BS constrain a range of fractionation paths that could account for most of the felsic segregation compositions. This suggests that the BS was built up from more than one pulse of slightly heterogeneous magma. However, considering the petrographic evidence of resorbed and deformed crystals, it is likely that the scatter in segregation compositions is at least partly due to the presence of crystals entrained into the melt lenses with the residual liquid.
The above observations indicate that the felsic segregations were derived from the host dolerite mushes at various stages of their crystallization. Most segregations, in particular the most common, sub-horizontal anastomosing lenses, appear to have formed by tearing of partially crystallized mush within the upper solidification front and infilling of the tears with a mixture of interstitial liquid and crystals from the adjacent mush and from deeper in the sill.
Based on the distribution of segregation compositions with location in the BS (Fig. 17) , we suggest that multiple episodes of tearing occurred over the same range of elevations within the upper solidification front at different times. The episodes could have been triggered by new influxes of magma into the sill, which swept away a weak crystal network that was stabilizing the upper front, and suspended it on a layer of magma, making it newly susceptible to tearing. A thick, coarse-grained cumulate 'tongue' located midway in the sill indicates that there was at least one major late-stage magma influx event into the BS.
Collection of residual liquid within the segregations was initially by porous flow through a crystal mush adjacent to the tears, and then by channel flow along propagating tears and fractures. Stratified segregations are thought to represent tears that were reactivated multiple times, whereas the uniformly coarse-grained segregations with gradational contacts are thought to represent residual liquids that were injected into a cooler part of the mush via fractures or channels.
Smaller, irregular, sub-vertical veins, pods and stringers are located above the anastomosing lenses, where the mush was presumably cooler and more crystalline. Vertical transport at this level could have been aided by tearing or weaknesses in the front that formed in response to cooling and contraction, exsolution of volatiles at high degrees of crystallinities effectively reducing the viscosity of the liquid, and by the positive buoyancy of collections of interstitial liquid derived from deeper levels in the front similar to the segregation veins in the Kilauea Iki lava lake (Helz, 1980 (Helz, , 1987 Helz et al., 1989) .
A key objective in igneous petrology is to understand the range of physical processes by which rocks of diverse composition can be produced. Many such processes involve the physical separation of crystals and liquid in partially molten systems. The segregations at the BS have compositions intermediate between basaltic and rhyolitic rocks that are rarely found in large-scale basaltic systems (e.g. Hildreth, 1979; Ewart, 1982; Marsh et al., 1991) , and studies like the present one can provide insight into the processes that operate at these intermediate stages of differentiation. Our model, involving gravitational detachment of unstable crystal mushes, the propagation of plastic tears, and the movement of interstitial liquids by porous flow, channel flow and diapirism, takes important elements from the models of previous workers (e.g. Tait & Jaupart, 1992; Philpotts et al., 1996; Marsh, 2002; Bachmann & Bergantz, 2004) . However, we argue for the importance of multiple inputs of magma into thick sills in generating and preserving segregation features, and point out that the material entering the segregations is rarely pure interstitial liquid (Zavala, 2005) .
Deformation and disruption of the crystal mush in the sill and particularly in the gravitationally unstable upper solidification front are key elements of our model. To fully understand the temporal and spatial relationships of segregations like those in the BS, a better physical understanding of the rheology of crystal mushes is needed. Further field and geochemical studies, and mathematical and experimental modeling of crystal^liquid separation will be essential for fully understanding the physical processes of segregation formation.
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